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Abstract 
As hardness of the work-surface working in the train axle has a direct relationship to train axle’s life-time, a surface strengthening 
technology is necessary to strengthen the hardness of the work-surface. In this study, ultrasonic surface strengthening (USS) method 
was proposed, and its fundamental characteristics were investigated experimentally. Concretely, the influence of many principal 
parameters, namely workpiece rotational speed n, feed rate f and extrusion amonut P of the tool, on the train axle with material 
30CrMoA were investigated. The experiment results show that (1) surface roughness decreases significantly after USS, and lowest 
surface roughness can be obtained under the condition of rotational speed n=610 r/min, feed rate f=0.2 mm/r and extrusion amount 
P=130μm; (3) hardness after USS bigger than that of before USS up to 24%, under the condition of rotational speed n=610 r/min, 
feed rate f=0.2 mm/r and extrusion amount P=180μm; (4) the residual stress value can be adjusted after USS, the value of residual 
stress in the work-surface can reach -950Mpa after USS and the depth of the residual compressive stress layer can reach nearly 2 
mm. This study confirmes that the unltrasonic strengthening technology is a highly effective processing method for improving the 
surface quality of train axle.  
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1. Introduction 
Nomenclature 
P         extrusion amount 
f          feed rate  
n         rotating speed of workpiece  
r     material fatigue limit 
m        average sensitivity coefficient 
r
      residual stress 
 
Train axles are one of the most important components in 
railway vehicles, since the highest safety standards must be met 
to prevent the accidents. However, fatigue crack are prone to be 
generated on the axles working surface due to the train axle 
undertaking cyclic load in the working process. Moreover, the 
crack grows gradually with the accumulated damage [1], 
eventually leading to the fatigue failure, which is the only factor 
results in the axle failure.   
Up to the present day, to improve the quality of work-surface 
of the train axles, a strengthening technology, i.e., surface 
rolling has been employed as the major method for treating the 
train axles [2]. However, there are some disadvantages in this 
technology [3]: it is only fitted for the high-stiffness parts with 
hardness smaller than 40 HRC; the pressure used in this 
technology is a static load, thus, the large rolling force are 
usually required to achieve the desired amount of rolling 
deformation; rolling process produces surface hardening layer 
on the workpiece surface, resulting in the clear delamination 
with the inner materials. These damage the transmission 
performance of the train axles. On the other hand, micro 
extrusion was also proposed for the improvement of working 
surface of train axle because of its economically competitive 
[4]. However, the extrusion tool is prone to wear due to high 
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stress and increased friction in micro extrusion. These 
disadvantages result in low productivity and high cost.      
Meanwhile, much attention has been paid to ultrasonic 
surface strengthening (USS), a hybrid treating process 
combining conventional extrusion and ultrasonic vibration 
(UV). The related studies showed that the work-surface quality 
can be improved and the hardness of the work-surface can be 
enhanced by USS of metal components [5]. Thus, USS is 
considered as a promising technique for the treating work-
surface. However, to the best of our knowledge, there are few 
reports on USS of train axle material. In this study, toward the 
development of an alternative surface treating method for 
surface strengthening of train axle material, the USS technique 
is applied to surface strengthening of train axle material 
30CrMoA. For this purpose, an experimental rig was 
constructed by installing an ultrasonic strengthening system 
onto a turning machine and experimental investigations on the 
fundamental treating characteristics of train axle material were 
performed on the constructed rig. The effects of the UV on the 
surface roughness, the surface hardness and residual stress were 
revealed. 
2. The principle of USS and experimental details 
 
Fig. 1 Schematic diagram of ultrasonic processing 
 
Fig. 2 SK-MC20 ultrasonic strengthening system 
 
Fig. 1 schematically illustrates the processing principle of 
USS. In the treating process, UV that generated by ultrasonic 
generator is added on the processing head through transducer 
and amplitude transformer. Meanwhile, the processing head 
contacts with the workpiece surface by certain pressure, and 
feeds along the axial direction in a feed rate f. Thus, the 
materials of the workpiece that is rotating at a speed of n are 
strengthened by the processing head in USS process. 
In order to realize the processing principle of U66 in practice, 
an experimental rig (Fig. 2) was constructed by installing a self-
designed ultrasonic strengthening system (SK-MC20 by Jinan 
Shanke Numerical Control Equipments Co., LTD), consisting 
of ultrasonic generator, transducer, amplitude transformer and 
strengthening tool head, on an ordinary lathe. In addition, 
extrusion amount of the processing head P is controlled by the 
extrusion amount tester and measured by dial indicator in the 
experiments.   
 
 
Fig. 3 The samples for ultrasonic strengthening. 
 
The samples used in these experiments are circular shafts 
used for train axle, of which the length and diameter are 220 
mm and 30 mm, respectively (Fig. 3). The material of the shafts 
is 30CrMoA. The hardness of these samples were tested to be 
about HL 420. Actual USS of 30CrMoA were conducted on the 
constructed rig under the processing parameters as shown in 
Table 1 to elucidate the treating characteristics, i.e., the 
influence of extrusion amount P, the feed rate f and the rotating 
speed of workpiece n on the treating effect were investigated. 
The surface roughness was evaluated with a roundness 
measuring instrument (Age TR300,BEIJING INSTITUTE OF 
TECHNOLOGY), the surface hardness before USS and after 
USS were measured by using hardness tester (Age THL120 
Leeb, Beijing Jiaotong University), and the residual stress after 
USS was observed by a X-ray stress meter (X-350A, 
HANDAN STRESS TECHNOLOGIES CO.,LTD). 
 
Table 1 Processing parameters 
UV  Frequency: 30 kHz; Amplitude: 20μm 
Tool 
Hard alloy 
extrusion amount P
 
(r/min) 80-230μm 
Feed rate f (μm/min) 0.1-0.5mm/r 
Workpiece 
Material : 30CrMoA 
Rotational speed n
 
(r/min) 305-965rpm 
3. Results and Discussion 
3.1.  Surface roughness and workpiece 
The effects of workpiece rotational speed n, the feed rate of 
the processing head f and extrusion amount P on the workpiece 
surface roughness Ra are shown in Fig. 4. Obviously, the 
surface roughness Ra after USS are much smaller than those 
before strengthening. Concretely, the surface roughness Ra is 
decreased from the initial value of 3.746μm to the final one of 
0.109μm~0.158μm at f =0.2mm/r, P=130μm and n=305-
965rpm (Fig. 4(a)), to the final one of 0.109μm~0.275μm at f 
=0.1-0.5mm/r, P=130μm and n=610rpm (Fig. 4(b)), and to the 
final one of 0.111μm~0.304μm at f=0.2mm/r, P=80-230μm 
and n=610rpm (Fig. 4(c)), respectively. Furthermore, the 
minimum surface roughness can be obtained at n=610 r/min, f= 
0.2 mm/r and P=130μm. It is generally known that surface 
roughness can affect usability of parts, i.e., the friction and 
wear, parts fitting, fatigue damage. Therefore, USS has a great 
practical value to reduce surface roughness of workpiece, i.e., 
USS can improve the usability of the train axles. 
Assisted in the camera and scanner, the comparison results 
for the work-surface appearance before USS and after USS are 
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(a)  Surface roughness vs. n 
 
(b) Surface roughness vs. f 
  
(c) Surface roughness vs. P 
Fig. 4 Variation of the surface roughness in USS 
  
 (a) Appearance contrast before 
and after strengthening 
 (b) Microscope observation of the 
sample surface 
                 Fig. 5 Appearance contrast before and after USS 
 
illustrated in Fig. 5. The work-surface before USS is noticeably 
cloudy, whereas work-surface becomes mirror after USS (Fig. 
5(a)). Furthermore, it is found from Fig. 5(b) that the texture of 
the work-surface before USS is rough, whilst the texture of the 
work-surface becomes fine after USS. This confirms that the 
better performance can be obtained after USS. In USS process, 
there is no enough time for the exerted forces to spread on the 
work-surface to influence other parts in an UV period, 
eventually resulting in the concentration of the energy on the 
contacted surface [6]. As a result, the microscopic surface 
defects are eliminated in USS and the rough textures of the 
work-surface are squeezed by USS, resulting in the thin 
textures of the work-surface after USS. This is the reason why 
the workpiece surface treated by USS has been improved 
compared with that in conventional extrusion. 
3.2. Hardness 
 
(a) Leeb hardness vs. extrusion amount P 
 
(b) Leeb hardness vs. feed rate f 
 
    (c) Leeb hardness vs. rotational speed n 
Fig. 6 Variation of hardness in USS  
 
Fig. 6 shows the comparison of the work-surface hardness 
before USS and after USS. It is found that the surfaces hardness 
of the work-surface were increased obviously after USS 
compared with those before USS. In addition, the hardness 
increases firstly and then decreases with the increasing of the 
extrusion amount P, the rotating speed of workpiece n and the 
feed rate f. The maximum hardness is 548. 6 HL, i.e., the 
hardness is increased by 24%, which is obtained at extrusion 
amount P=180, the rotating speed of workpiece n=610rpm and 
the feed rate f =0.2mm/r. As mentioned above, the processing 
head contacts with the work-surface by certain pressure, thus, 
the processing head squeezes and strikes the work-surface in 
the USS process, eventually resulting in plastic flow on the 
work-surface [7]. This leads to the formation of melted micro-
peaks (a metaphor, like a slope) both on the original work-
surface and in the valleys. As a result, the work-surface is 
hardened by USS.    
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In USS process, extrusion amount is strongly affects the 
degree of work-surface hardening, owing to it is directly related 
to the degree of deformation of the work-surface. If extrusion 
amount is not large enough, there is enough forces to squeeze 
the work-surface, thus, the hardness of work-surface is 
respective low under condition of low extrusion amount P. 
While if extrusion amount is too large, the deformation is larger 
than UV amplitude, resulting in the effect of UV on 
strengthening becomes are not very noticeable. Therefore, the 
hardness of work-surface shows a decline trend when extrusion 
amount P is bigger than 180μm.    
The bigger feed rate is, the greater the cutting force is, the 
greater the plastic deformation is, the stronger the degree of 
cold work hardening is, organizations become more uniform 
and compact, structural strength increases, at the same time, the 
surface hardness is improved too. But if feed rate is too large, 
it can produce other adverse effect to influence the surface 
hardness. If rotational speed is not large enough, the high 
frequency extrusion of tool head can lead to the metal of 
surface fall off, and also, hardness value can’t reach the ideal 
state. If rotational speed is too large, the number of tool head 
extrusion on workpiece surface in unit time is reduced, plastic 
deformation decreased, the degree of cold work hardening is 
abated, the organizational structure is not very ideal, lastly, the 
surface hardness is decreased. 
As mentioned above, if the values of parameters are too large, 
the depth of hardening layer would be reduced, resulting in 
decreasing of hardness. However, when the values of the 
parameters are too small, the effect of UV on strengthening 
would not be noticeable.  
3.3. Residual stress 
Residual stress is that remains in a body that is stationary and 
at equilibrium with its surroundings. It can be very detrimental 
to the performance of a material or the life of a component. For 
this reason, to evaluate the effect of USS, it is necessary to 
measure the residual stress of the finished work-surface after 
USS. 
Fig. 7 shows residual stress distribution along the layer depth 
measured by X-ray stress meter. It is found that the value of 
residual stress in the work-surface reaches -950Mpa after USS. 
The depth of the residual compressive stress layer reaches 1.8 
mm. According to Goodman theory, the change of material 
fatigue limit can be expressed as 
r
r
m , where 
r
is 
material fatigue limit, m is the average sensitivity coefficient, 
r is residual stress, respectively. It is inferred that the residual 
tensile stress would decrease the fatigue limit of material 
whereas the residual compressive stress would increases it. 
Therefore, it is concluded that the residual stress value can be 
adjusted by USS. 
In the ultrasonic surface strengthening process, tool head 
makes the metal surface produce strong plastic strain under the 
drive of ultrasound and static extrusion force. The surface 
materials occur plastic stretch along workpiece rotation, on the 
other hand, in the depth direction with the squeezing action 
produced by extrusion and ultrasonic vibration, materials near 
the subsurface are still in a state of elastic strain, so, it produces 
certain constraints for the surface of plastic deformation. So 
that the residual compressive stress will exist in the inside 
surface, while in the deep subsurface will introduce the tensile 
stress field to balance the compression stress. The deeper the 
depth of the residual compressive stress filed is, the less the 
probability of the crack initiation will be. The residual 
compressive stress field hinders the expansion of fatigue crack 
and improves the closing force of it, so the fatigue strength of 
workpiece is improved. 
 
 
Fig. 7 The stress distribution curve. 
4. Conclusions 
In this study, toward the development of an alternative 
surface treating method for surface strengthening of train axle 
material, the USS technique is applied to surface strengthening 
of train axle material. The influence of USS on surface 
roughness and the appearance, hardness, and residual stress 
have been experimentally investigated. The following 
conclusions can be summarized based on above experimental 
results: 
(1) The defects of the microcosmic work-surface can be 
eliminated and the surface quality can be enhanced by USS. 
The surface roughness of work-surface decreases obviously 
after USS compared to those before USS, and the optimal 
surface roughness can be obtained at rotational speed n=610 
rpm, feed rate f =0.2 mm/r and extrusion amount P= 130μm. 
(2) The surface hardness after USS are bigger than those 
before USS by up to 24%, at rotational speed n=610 rpm, feed 
rate f =0.2 mm/r and extrusion amount P= 180μm. The USS 
process can reshape microstructure of the workpiece. Material 
structure becomes more uniform and compact after USS.  
(3) USS can adjust the residual stress and the layer depth. 
The value of residual stress in the work-surface reaches -
950Mpa after USS. The depth of the residual compressive 
stress layer reaches nearly 2 mm.  
This study confirms that USS is a highly effective processing 
method for treating train axle material 30CrMoA. 
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